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Abstract: Dust storms have large impacts on air quality and meteorological elements; however,
their relationships with atmospheric greenhouse gases (e.g., CO2) and radiation components remain
uncertain. In this study, the co-variation of dust and CO2 concentrations and its possible influencing
mechanism are examined using observations at the Shangdianzi (SDZ) regional Global Atmosphere
Watch (GAW) station along with simulations of the Vegetation Photosynthesis and Respiration Model
coupled with the Weather Research and Forecasting model (WRF-VPRM), during two dust storm
events on 15 and 28 March 2021. During these events, hourly CO2 concentrations decreased by
40–50 ppm at SDZ while dust concentrations increased to 1240.6 and 712.4 µg m−3. The elevated
dust increased diffusive shortwave irradiance by 50–60% and decreased direct shortwave irradiance
by ~60% along with clouds. The dust events were attributed to the passages of two cold front systems
over northern China. At SDZ, during the frontal passages, wind speed increased by 3–6 m s−1, and
relative humidity decreased by 50–60%. The CO2 variations associated with the frontal systems were
captured by the WRF-VPRM despite the overestimated surface CO2 level at SDZ. Biogenic CO2 flux
plays an indistinctive role in the large CO2 variation at SDZ, as it is weak during the non-growing
season. The cold fronts pushed polluted air southeastward over the North China Plain and replaced
it with low-CO2 air from Northwest China, leading to the decline in CO2. These findings demonstrate
that mesoscale synoptic conditions significantly affect the regional transport and dispersion of CO2,
which can influence the prediction of terrestrial carbon balance on a regional scale.

Keywords: dust particle; net ecosystem exchange; radiation; regional transport; synoptic condition

1. Introduction

Dust storms are natural hazardous weather phenomena that typically occur over arid
and semi-arid areas worldwide [1]. They are generated when massive mineral dust particles
are emitted from dry, bare soil surfaces into the atmosphere due to strong winds. Dust
storms can cause severe environmental and health problems in many countries adjacent
to and downwind of dust source areas [2–5]. East Asia is the second largest dust source
worldwide and contributes ~40% (8~13 Tg) of the global dust loading, with the two largest
contributors being the Taklimakan and Gobi deserts in northern China [6]. The impacts
of Asian dust storms on air quality in nearby countries and regions have been extensively
investigated via satellite data, in situ observations, and numerical simulations (e.g., [7–10]).
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For instance, Nan and Wang [11] found that surface ozone concentrations on dusty days
were usually lower than those on non-dusty days over northern China in spring 2015–2017,
and ozone concentrations generally decreased with the increase in coarse particulate matter,
which is related to the direct uptake of ozone by Asian dust. Liu et al. [8] noted that
the concentrations of SO2, NO2, and CO varied with meteorological conditions during
different dust storm events in Lanzhou, a megacity in northwestern China. Compared
with these air pollutants, the variation and distribution of atmospheric CO2 during dust
storms have rarely been investigated, even though CO2 and air pollutants are sometimes
co-emitted [12]. Furthermore, due to its large spatiotemporal variability over land, CO2 is
usually considered one of the main uncertainties in predicting the terrestrial carbon balance,
especially on a regional scale [13]. It is thus worthwhile to explore the potential impacts of
Asian dust storms on atmospheric CO2 in China.

Dust storms can affect the variation and distribution of CO2 concentrations in two
major ways. First, a change in wind caused by specific synoptic systems—such as cold
fronts [12,14] during dust storms—directly affects CO2 transport and dispersion and results
in large fluctuations in CO2 concentration. Second, the changes in ambient temperature
and surface radiation during dust storm events can potentially modify the biogenic CO2
uptake and emission thanks to the photosynthesis and respiration processes of terrestrial
ecosystems. A weather–biosphere online coupled model (WRF-VPRM), in which the
Vegetation Photosynthesis and Respiration Model (VPRM) is coupled with the Weather
Research and Forecast (WRF) model, has been used to examine the impacts of the biogenic
CO2 flux and the transport process of CO2 over different regions. This mesoscale model
with a fine spatial resolution (e.g., ~10 km × ~10 km) has the advantage of reproducing
the effects of mesoscale synoptic systems on regional CO2 variation compared with some
global CO2 models [12,14–16], such as the Carbon Tracker model with the spatial resolution
of 3◦ × 2◦ over the whole globe and 1◦ × 1◦ on regional scales [17]. For instance, Li
et al. [16] found that enhanced local biotic respiration due to an abrupt increase in air
temperature (Ta) partly caused a high surface CO2 episode on 15 October 2016, over a
mixed forest in Northeast China. Hu et al. [14] indicated that the daytime bands of elevated
CO2 mole fraction ahead of a cold front on 4 August 2016 over the Northern Great Plains
in the United States were formed in part due to the accumulation of nighttime respiration.
In addition, VPRM is fully coupled with the WRF model that considers the impact of
WRF-simulated meteorological fields on the calculation of terrestrial CO2 fluxes every
time step and computes the transport of CO2 using simulated continuous meteorological
fields [15]. Compared with offline simulation, the online-coupled WRF-VPRM can capture
the real-time feedback between synoptic weather and land-surface dynamics and can
reduce uncertainties in the simulated CO2 fluxes/concentrations [16]. In the past decade,
the WRF-VPRM model has been applied in different countries and regions over the world,
such as North America [14,18,19], Europe [20], and China [16,21].

Considering that the radiative/climate forcing is exerted by greenhouse gases in the
whole column of the atmosphere rather than only from the surface, a few studies have exam-
ined the relationship between the occurrence of dust storms and column CO2 concentration
in terms of satellite data. For example, based on the products from the Moderate Resolution
Imaging Spectral Radiometer (MODIS) and Greenhouse Gas Observing Satellite (GOSAT)
in the spring from 2009 to 2010, Guo et al. [22] found that the column CO2 concentrations
increased and reached peak values on the last or penultimate days of dust storms in China,
which was mainly related to the country’s atmospheric flows from north to south. Due
to limitations of coarse spatial and temporal resolutions, as well as the low accuracy of
satellite products, it is difficult to use satellite data to reveal the detailed co-variation (e.g.,
hourly) of dust and CO2 concentrations, as well as the underlying influencing mechanisms.

In this study, we used the simultaneous in situ observations of CO2 and dust concen-
trations as well as meteorological parameters at the Shangdianzi (SDZ) regional Global
Atmosphere Watch (GAW) station to examine the co-variation of CO2 and dust aerosols
under various meteorological conditions during two mega dust storm events in March 2021
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in China. We also conducted three-dimensional CO2 simulations using the WRF-VPRM to
investigate the impacts of dust storms on the regional transport and biogenic contribution
of CO2.

This article is organized as follows. Section 2 introduces the observational site and data
and describes the WRF-VPRM and simulation setup. Section 3 analyzes the fine-resolution
variation and spatial distribution of surface CO2 concentration in relation to meteorological
conditions and biogenic contributions during the two dust storm events. Conclusions and
discussions are summarized in Section 4.

2. Materials and Methods
2.1. Observational Site and Data

SDZ (40.65◦ N, 117.12◦ E; 293.3 m a.s.l.), one of the four earliest regional GAW stations
of the World Meteorological Organization in China, is located in the northern North China
Plain, ~120 km northeast of Beijing (Figure 1). Thanks to its excellent geolocation and fewer
anthropogenic emission sources around the site, SDZ provides representative background
data for investigations of climate and atmospheric environments [23]. The SDZ station is
primarily surrounded by shrubs, orchards, and farmland, and it is predominately controlled
by west-northwesterly winds in spring, the peak season of Asian dust outbreaks [24].
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with the high-precision CO2 measurements from Picarro after calibration and environ-

Figure 1. Geographical location of Shangdianzi (SDZ) station (represented by a circle) in China
and the distribution of 0.5◦ × 0.5◦ anthropogenic CO2 emissions in March 2021 obtained from the
Open-source Data Inventory for Anthropogenic CO2 (ODIAC) emission dataset.

CO2 concentrations were continuously observed by a low-cost light sensor (K30)
developed by the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences,
which was installed on a bracket 1.5 m above the top of the SDZ building or ~8 m above
ground level. The K30 sensor is a microprocessor-controlled device based on non-dispersive
infrared technology since the infrared energy can pass through an atmospheric sampling
chamber without deformation. An optical filter is designed in the K30 sensor to eliminate
all light except the wavelength that CO2 gas molecules can absorb (4.26 µm) [25]. It has a
measurement range of 0 to 10,000 ppm and an accuracy within ±5 ppm compared with
the high-precision CO2 measurements from Picarro after calibration and environmental
correction in the laboratory [26,27], and it has been used to monitor CO2 in different regions
and countries [28–32]. Turbulent fluctuations of CO2 concentration, wind speed (WS),
and Ta were measured using an open-path CO2/H2O analyzer (LI-7500; Li-Cor, Lincoln,
NE, USA) and a three-dimensional sonic anemometer (CSAT3; Campbell Scientific, Logan,
UT, USA) mounted on a 63-m-high platform on an observation tower at SDZ, with a
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frequency of 10 Hz. Based on the turbulent measurements, the CO2 flux—also known as
net ecosystem exchange (NEE)—in each 30-minute interval can be calculated according to
Equation (1) [33]:

NEE = c′w′ (1)

where c′ and w′ are the fluctuations of CO2 concentration (c) and vertical velocity (w), respectively.
In addition to being one of the earliest GAW stations in China, SDZ is also a mete-

orological station with more than 60 years of observations of meteorological elements,
including Ta, WS, wind direction (WD), relative humidity (RH), Pa, and atmospheric visibil-
ity (Vis), etc. Moreover, a new baseline surface radiation system has been carried out since
2013, in which nine radiation components are observed using radiation instruments, for
example, global shortwave irradiance (GSWI), direct shortwave irradiance (DSWI), diffuse
shortwave irradiance (DifSWI), and downward longwave irradiance (DnLWI) are measured
by a CMP11 pyranometer (Kipp and Zonen, Delft, South Holland, The Netherlands), a
CHP1 pyrheliometer (Kipp and Zonen), a CMP11 pyranometer shaded by a ball installed
on a two-axis automatic sun tracker (FT-ST22; Jiangsu Radio Science Research Institute Co.,
Wuxi, Jiangsu province, China), and an IR02 pyrgeometer (Hukseflux, Delft, South Holland,
The Netherlands), respectively. To examine the impacts of clouds on the surface radiation
budget, the total cloud fraction is measured using a fisheye camera mounted on the top of
the HY-WP1A Intelligent Weather Observation System (Huayun Sounding Meteorological
Technology Inc., Beijing, China). The fisheye camera has a 180◦ field of view and takes
full-sky photographs at 1 min intervals. The photographs are then processed using an
artificial intelligence image-detecting system to yield hourly data of cloud fraction with less
than 10% uncertainty [34]. Mass concentrations of particulate matter with diameters less
than or equal to 2.5 µm (PM2.5) and 10 µm (PM10) were simultaneously measured using an
ambient particulate monitor (TEOM 1400a; Thermo Electron Corporation, Waltham, MA,
USA). PM10 can roughly represent dust particles during dust storm events [35], and the
ratio of PM2.5 to PM10 (<0.4–0.5) can be used as an indicator to identify dust storms [36,37].
All of the aforementioned variables at SDZ were converted to 1 h averages for further
analysis. Detailed information on the measurements and devices used in this study is
summarized in Table 1.

Table 1. Basic description of observational variables and associated devices at the SDZ.

Variable Interval Height
(AGL) Device Accuracy

CO2 concentration 1 h 1.5 m above the top of
the SDZ building K30; IAP, Beijing, China ±5 ppm

Fluctuation of CO2
concentration 10 Hz 63 m LI-7500; Li-Cor, Lincoln, NE, USA ±1% of the record

Fluctuation of WS
and Ta

10 Hz 63 m CSAT3; Campbell, Logan, UT, USA WS: ±0.01 m s−1

Ta: ±0.01 ◦C

Fluctuation of WS
and Ta

10 Hz 63 m CSAT3; Campbell, Logan, UT, USA WS: ±0.01 m s−1

Ta: ±0.01 ◦C

WS, WD,
Ta, RH, and Pa

5 min
10 m (WS and WD)

1.5 m (others)
above the ground

DZZ5 automatic weather station;
Huayun, Beijing, China

WS: 0.1 m s−1, WD: 3◦,
Ta: 0.1 ◦C, RH: 1%,

Pa: 0.1 hPa

Visibility 5 min 2.5 m above the ground FD12; Väsälä, Vantaa, Finland ±10%, 10 m–10 km
±20%, 10–50 km

Global shortwave
irradiance

Diffuse shortwave
irradiance 1

1 min 1.5 m above the top of
the SDZ building

CMP11 pyranometer; Kipp and
Zonen, Delft, South Holland,

The Netherlands
<2 W m−2
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Table 1. Cont.

Variable Interval Height
(AGL) Device Accuracy

Direct shortwave
irradiance 1 1 min 1.5 m above the top of

the SDZ building

CHP1 pyrheliometer; Kipp and
Zonen, Delft, South Holland,

The Netherlands
±1 W m−2

Downward longwave
irradiance 1 1 min 1.5 m above the top of

the SDZ building
IR02 pyrgeometer; Hukseflux, Delft,

South Holland, The Netherlands
Temperature

dependence: <±3%

Total cloud fraction 1 min 1.5 m above the top of
the SDZ building HY-WP1A; Huayun, Beijing, China <±10%

PM10 and PM2.5
concentration 1 min 1.5 m above the top of

the SDZ building
TEOM 1400a; Thermo Electron

Corporation, Waltham, MA, USA ±1.50 µg m−3

1 Radiation measurements have an original frequency of 1 Hz and are recorded in 1 min internals for average values.

2.2. WRF-VPRM Simulation

We conducted three-dimensional CO2 simulations using the WRF-VPRM to examine
the impacts of biogenic emission and uptake and meteorological conditions on atmospheric
CO2. In the WRF-VPRM, the WRF model is used to simulate atmospheric flows and CO2
transport and diffusion while the VPRM handles the terrestrial CO2 fluxes, where NEE
is simulated as the sum of gross ecosystem exchange (GEE) and ecosystem respiration
(ER) [38,39]:

NEE = ER + GEE, (2)

GEE = −λ× Tscale ×Wscale × Pscale ×
1

1 + PAR
PAR0

× FAPARPAV × PAR (3)

ER = β + α1 · T + α2 · T2 + γ · EVI + k1 ·Wscale + k2 ·Wscale · T + k3 ·Wscale · T2 (4)

GEE depends on the maximum light use efficiency (λ), temperature scale (Tscale), water
stress scale (Wscale), phenology scale (Pscale), photosynthetically active radiation (PAR), its
half-saturation value (PAR0), and the fraction of PAR absorbed by the photosynthetically
active portion of the vegetation (FAPARPAV). The calculations of Tscale, Wscale, and Pscale
follow the method of Hu et al. [14]. The FAPARPAV, which is proportional to the enhanced
vegetation index (EVI), was set to equal the MODIS 8-day-updated EVI in this study,
and PAR was calculated as PAR = shortwave downward radiation/0.505 according to
Mahadevan et al. [38]. We adopted an improved terrestrial respiration parameterization
developed by Gourdji et al. [39] instead of the original parameterization (ER = α × T + β,
where T is the simulated 2 m air temperature, and α and β are two empirical parameters for
respiration) in the VPRM [38]. The improved ER parameterization considers the impacts of
EVI and Wscale on respiration and its interactions with temperature to capture soil moisture
effects and a quadratic dependence on T. The values of several empirical parameters (α1,
α2, β, γ, k1, k2, k3, λ, and PAR0) for seven land use categories in the VPRM and parameter
calibration can be found in [14,39]. The offline simulation using the original VPRM is
conducted during March at SDZ, driven by meteorological parameters using WRF model
output, to examine the improvement in CO2 simulation using the updated VPRM.

In this study, the simulation area covers China and has a horizontal grid spacing of
20 km with 47 vertical layers extending from the surface to 10 hPa. The simulation was
initialized at 0000 Universal Time (UT) on 1 January 2021 and was run throughout the
whole year using spectral nudging and climate down-scaling techniques following [40–42].
Table 2 lists the dataset used in the WRF-VPRM simulation. More detailed information on
the model setting can be found in [16,42].
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Table 2. List of input datasets for the WRF-VPRM simulation.

Source Dataset Variable Resolution Purpose

MODIS
data

MOD09A1 C6 Land surface water
index (LSWI) and EVI 500 m, 8 days Calculating Wscale, GEE, and ER

MCD12Q1 C51 Fraction of land
surface vegetation 500 m Calculating Tscale and GEE

DOE R2 Meteorological data 20 km Providing the meteorological
initial and boundary conditions

Copernicus
Atmosphere

Monitoring Service
(CAMS) reanalysis

CAMS CO2 1.9◦ × 3.75◦ Providing atmospheric CO2 initial
and boundary conditions

ODIAC Anthropogenic
source CO2 flux 0.1◦ × 0.1◦ Providing the monthly

anthropogenic emissions of CO2

Takahashi et al. [37] Oceanic
source/sink CO2 flux 4◦ × 5◦,

monthly mean

Providing the CO2 exchange
between the ocean and

the atmosphere

3. Results
3.1. Two Dust Storms over Northern China in March 2021

Two strong dust storm events occurred on 15–17 and 27–29 March 2021 over northern
China. The first has been described as the strongest sand dust storm in almost a decade [43];
during this event, 10 people were reported dead, hundreds of people were reported missing
in Mongolia, thousands of flights were grounded, and public transportation systems halted
in China [44]. Researchers have analyzed meteorological drivers and synoptic conditions,
aerosol optical and radiative properties, and dust composition and transport processes
during the two dust storm events [10,45–47]. According to the true-color images from the
Himawari-8 satellite [45], a dense dust plume covered a large part of China on 15 March,
with an area of more than 3.8 × 106 km2 (accounting for 40% of China’s land area), while
the dust plume intensity on 27 March was relatively weaker, along with a reduced eastward
influence and scope. Both dust storms were triggered by an exceptionally strong Mongolian
cyclone along the central and eastern plateau of Inner Mongolia in conjunction with a
surface-level cold high-pressure system at the rear [45].

The two dust storms caused a remarkable rise in PM10 concentration and a distinct
decline in CO2 concentration near the surface at SDZ. During the first dust storm event on
15 March, the hourly mean PM10 concentration increased from 103.9 µg m−3 at 07:00 Beijing
Time (BT) to 1240.6 µg m−3 at 09:00 BT, and the surface CO2 concentration correspondingly
decreased by 43.2 ppm during this period (Figure 2a). During the second dust storm event
on 28 March, the hourly mean PM10 concentration increased from 79.4 µg m−3 at 06:00 BT
to 712.4 µg m−3 at 10:00 BT, while CO2 concentration decreased by 48.2 ppm (Figure 2b).
The variation range of CO2 concentration on the two dust-storm days was distinctly higher
than the mean diurnal variation range of CO2 concentration in spring (from March to May)
in 2021 at SDZ (~28 ppm, gray line in Figure 2a,b). The surface CO2 concentration at SDZ
usually begins to increase after 16:00 and reaches a peak in the early morning, which is
inconsistent with previous studies on different ecosystems in Northeast China [16]. The
PM2.5/PM10 ratio decreased from 0.7–0.9 to 0.3–0.5 during the two dust storms, reflecting
the increase in the proportion of coarse dust particles in the air. We will discuss the possible
reasons for the large decrease in near-surface CO2 concentration during the two dust storms
in the next section.
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Figure 2. Variation of hourly mean (a,b) concentrations of particulate matter (PM2.5, PM10) and
CO2, (c,d) wind speed and direction, (e,f) air temperature and relative humidity, (g,h) atmospheric
visibility and air pressure from 12:00 Beijing Time (BT) on 14 March to 00:00 BT on 16 March and from
12:00 BT on 27 March to 00:00 BT on 29 March 2021, observed at SDZ. The gray line in (a,b) represents
the mean diurnal variation of CO2 concentration in spring (from March to May) 2021 at SDZ.

3.2. Impact of Dust Storm Events on the Variation of CO2 Concentration
3.2.1. Variations of Surface Meteorological Conditions

We first examined the variations of near-surface meteorological conditions during
the two dust storm events observed at SDZ (Figure 2 and Table 3). Wind speed increased
by 3–6 m s−1, and wind direction changed abruptly after the outbreaks of the dust storm
events (Figure 2c,d). Strong winds provided necessary dynamic conditions for the emission
and transport of dust particles, and the changes in winds could also affect the transport
and diffusion of atmospheric CO2 mainly due to the impact of turbulence. Meanwhile, the
ambient RH decreased from ~90% to below 20–30% due to the intruding dry air masses
(Figure 2e,f). High ambient RH and enhanced dust loading contributed to low visibility
(<1 km) before and during the dust storms. Ta initially increased slightly due to the
enhanced turbulent mixing by strong wind shears [48] and then decreased by <1 ◦C due to
the intrusion of cold air masses. With the movement of Mongolian cyclones, the surface Pa
at SDZ gradually increased (Figure 2g,h).

Table 3. Values of meteorological parameters and PM10 and CO2 concentrations before and after the
outbreak of two dust storm events observed at Shangdianzi.

Event Time WS
(m s−1)

WD
(◦)

Ta
(◦C)

RH
(%)

Pa
(hPa)

Vis
(km)

PM10
(µg m−3)

CO2
(ppm)

Dust storm on
15 March

07:00 BT 1.3 SW 7.9 90 974.3 0.8 103.9 439.3
09:00 BT 7.1 ENE 7.3 13 978.8 0.8 1240.6 396.1

Dust storm on
28 March

06:00 BT 1.6 NE 10.4 91 967.2 0.8 79.4 450.6
10:00 BT 4.6 NW 10.1 24 970.9 0.9 712.4 402.4

Dust storms also modified the surface radiation budget at SDZ (Figure 3). On dusty
days (15 and 28 March), the daytime values of GSWI and DSWI were mostly lower than
on non-dusty days (16 and 29 March). For instance, the maximum DSWI on 15 March
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was 248 W m−2 (~38% of the peak value on 16 March), which may have been caused by
a reduction in sunlight arriving at the surface due to massive dust aerosols and clouds
(Figure 3a,b). The total cloud fraction was much higher on dust days (~80%) than on
non-dusty days (~20%) (Figure 3c,d), and the daily mean total cloud fraction had a negative
correlation with daily mean GSWI and DSWI under different PM10 levels in March 2021
overall, with correlation coefficients (R) reaching−0.64 (with significant level p < 0.001) and
−0.54 (p < 0.005), respectively (Figure 4a,b). Furthermore, the daily mean DSWI markedly
decreased with the increasing PM10 levels; when the daily mean PM10 concentration ex-
ceeded 100 µg m−3, the DSWI remained lower than 80 W m−2 (Figure 4b). Meanwhile, the
maximum values of DifSWI reached 371 and 443 W m−2 on the two dusty days, increasing
by 49% and 61% compared with the peaks on non-dusty days, which was due to the
enhanced scattering effect of ambient dust particles during dust storms. Additionally, the
DnLWI on dusty days was higher than on non-dusty days (Figure 4c,d), which mainly
depended on sky conditions (e.g., clouds, fog, smoke, blowing snow, smog, etc.), air tem-
perature, and air-water content [49,50]. Atmospheric inverse radiation often increases with
higher air temperature, more water vapor in the air (affecting the atmospheric emissivity),
and higher cloud cover. Given the small variations in Ta (Figure 2e,f) and water vapor
pressure (Figure 3c,d) during the two dust storm events, the rise in DnLWI on dusty days
primarily depended on the increasing cloud cover. Overall, a positive correlation between
the daily mean DnLWI and total cloud fraction (with R = 0.57 and p < 0.005) was found in
March 2021 at SDZ. Compared with other radiative components, the correlation between
DifSWI and cloud fraction was weaker because DifSWI not only depends on cloud fraction
but also on aerosols and other molecular constituents [51].
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Figure 3. Variation of the hourly mean (a,b) global shortwave irradiance (GSWI), direct shortwave
irradiance (DSWI), diffuse shortwave irradiance (DifSWI), and downward longwave irradiance
(DnLWI), and (c,d) total cloud fraction and water vapor pressure on 15–16 and 28–29 March 2021,
at SDZ.

The changes in meteorological conditions during dust storm events likely influence
the variation of CO2 concentration via the following aspects. First, the changes in air
temperature and surface shortwave radiation probably modify NEE and CO2 concentration
due to plants’ photosynthesis and respiration processes. Second, changes in wind fields
caused by cyclone systems can dominantly affect the transport and dispersion of atmo-
spheric CO2. We examined these potential impacts of dust storms on atmospheric CO2
using observations of NEE and WRF-VPRM simulations.
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3.2.2. Evaluation of the WRF-VPRM Simulation

We used the WRF-VPRM simulations to probe the potential impacts of dust storm
events on variations of CO2 concentration. First, we evaluated the WRF-VPRM perfor-
mance by comparing the simulated hourly mean CO2 concentration, NEE, and several
meteorological parameters with the observations at SDZ during March 2021 (Figure 5). The
day-to-day variability of CO2 concentration was well reproduced using the WRF-VPRM,
with an R-value between the observed and simulated data of 0.57. Most of the simulated
and observed NEE values varied between a range of ±2 µmol m−2 s−1 during March at
SDZ, which was significantly smaller than the range of NEE (±15 µmol m−2 s−1) during
the growing season (from May to September) at SDZ. The CO2-decline episodes on the
two dusty days were also captured by the model despite an overestimation of the surface
CO2 level (Figure 5a), which was partly due to the overestimation of NEE, especially after
10 March (Figure 5b). To clarify the bias of simulated NEE, we separated NEE into GEE
and ER during March at SDZ (Figure 6). The overestimation of NEE is mainly due to
the overestimation of ER; GEE remained at low levels during early March. Although
the improved VPRM made NEE closer to the observations compared with the original
schemes, it still has uncertainty in CO2 simulation in China, which is partly due to the
choices of VPRM parameters (Figure 6). Moreover, the bias of NEE was also related to
the difference in height between simulations and observations. The height of simulated
NEE is the lowest level in the model (near the surface), whereas the observation height
of NEE is 63 m. Different height of NEE represents different source areas of CO2 fluxes.
In addition, the WRF-VPRM well reproduced the day-to-day variation of meteorological
conditions (Figure 5c–f), with high R-values for Ta (0.89) and specific humidity (q, R = 0.82)
and relatively lower R-values for WS (0.50) and WD (0.31). Overall, the WRF-VPRM had a
good performance for simulating CO2 concentration and meteorological conditions and
thus can be adapted to display the variation and distribution of atmospheric CO2 during
dust storm events.
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Figure 4. Scatter plots of daily mean (a) global shortwave irradiance (GSWI), (b) direct shortwave
irradiance (DSWI), (c) diffuse shortwave irradiance (DifSWI), and (d) downward longwave irradiance
(DnLWI) against daily mean total cloud fraction under different daily mean PM10 levels at SDZ in
March 2021. The fitting equations and their correlation coefficients (R) with significant levels (p) are
also shown in each subplot.
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Figure 5. Comparison of the hourly mean (a) CO2 concentration, (b) CO2 flux (NEE), (c) air tem-
perature, (d) specific humidity, (e) wind speed, and (f) wind direction in March 2021 observed at
SDZ with that simulated with the WRF-VPRM. Correlation coefficients (R) between simulated and
observed values for each parameter are also shown in the corresponding subplot.
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Figure 6. Comparison of the hourly mean CO2 flux (NEE, GEE, and ER) simulated with improved
and original VPRM in March 2021 at SDZ.

3.2.3. Impact on Biogenic CO2 Contribution

After evaluating the WRF-VPRM simulation, we subsequently examined the possible
impacts of dust storms on biogenic CO2 fluxes and atmospheric CO2 concentration at SDZ.
Figure 7 shows the variation of observed and simulated hourly mean CO2 concentrations
and NEE at SDZ during the two dust storm events. The simulated surface CO2 concentra-
tion decreased by 36–40 ppm after the occurrence of dust storms, which was comparable to
the observed degree of decline in CO2 concentration at SDZ (Figure 7a,b). However, the
simulated CO2-decline episodes occurred 1 h later on 15 March and 3 h earlier on 28 March
than the actual events, and the surface CO2 concentration was overestimated by about
10–20 ppm on average during the two dust storm events.
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Figure 7. Variation of observed and simulated (a,b) hourly mean CO2 concentration, (c,d) NEE,
(e,f) gross ecosystem exchange (GEE) and ecosystem respiration (ER) split from NEE, and (g,h) air
temperature during the two dust storm events at SDZ.

Both the observed and simulated NEE did not show obvious changes after the be-
ginning of the dust storm events, meaning the large decline in CO2 concentration was
scarcely related to the change in biogenic CO2 flux at SDZ during the two dust storm events
(Figure 7c,d). The observed NEE remained near zero at most times, and the simulated NEE
generally varied within 0–1 µmol m−2 s−1 but reached nearly 2 µmol m−2 s−1 at times. The
overestimation of NEE partly resulted in the overestimation of surface CO2 concentration
at SDZ.

To further explore the reason for the bias in simulated NEE during the two dust
storm events, the variation of simulated GEE and ER were analyzed (Figure 7e,f). GEE
remained zero during the first dust storm event due to low EVI (0.11) in early March, and
the overestimation of NEE was mainly due to the overestimation of ER. During the second
dust storm event, the GEE had negative values (>−2 µmol m−2 s−1) during the daytime
with the slightly enhanced EVI (0.12); the ER became even larger (2–3 µmol m−2 s−1) due
to higher Ta and EVI, eventually leading to an overestimation of NEE. Some studies have
reported the overestimation of nighttime respiration and NEE by the VPRM based on the
original ER parameterization. For instance, Li et al. [16] found the NEE and, thus, CO2
concentration were overestimated over a rice paddy area from April to June and over a
mixed forest in May 2016 in Northeast China when the EVI was low, and Ta increased
above zero in the WRF-VPRM. Although the improved ER parameterization showed a
better performance than the original parameterization in the VPRM over different terrestrial
ecosystems in the United States [14,39], it still overestimated ER and NEE at SDZ. This
is probably because the values of empirical parameters in the VPRM calibrated in the
United States are not suitable in China due to different climate and terrestrial ecosystem
properties [21,52,53]. Long-term observations of CO2 flux over different ecosystems in
China are needed to optimize VPRM parameters and validate the model performance. We
also noted that Ta was underestimated by about 5.3 ± 2.7 ◦C (Figure 7g,h) during the two
dust storms, which weakened the overestimation of NEE, as well as CO2 concentration to
some degree.



Atmosphere 2023, 14, 1348 12 of 17

3.2.4. Impact on Regional Transport of Atmospheric CO2

Since the large decline of CO2 concentration during the dust storms scarcely depended
on biogenic CO2 flux, we subsequently examined the impact of synoptic conditions on the
regional transport of atmospheric CO2. The spatial distributions of surface CO2 concentra-
tion during the two dust storm events in China are shown in Figures 8 and 9. The upper
four plots are simulation outputs with both anthropogenic emissions and biogenic fluxes,
while the bottom four plots are with anthropogenic emissions only.
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CO2 concentration ahead/behind the cold fronts; similar characteristics of CO2 distribution
influenced by cold fronts have been reported previously (e.g., [14]). With the cold fronts
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moving southeastward, CO2 concentration at SDZ increased at first, then significantly
decreased after the passage of the dust storms (Figures 8a–d and 9a–d). Without biogenic
CO2 fluxes, the simulated surface CO2 concentrations did not change much over northern
China (including SDZ) but exhibited a decreasing trend over central and southern China.
This phenomenon is derived from enhanced EVI (Figure 10a), and warmer weather over
the regions at lower latitudes contributed to large CO2 emissions due to plant respiration.
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Overall, the aforementioned analysis revealed that the large variation of surface
CO2 concentration at SDZ was mainly attributed to the strong CO2 dispersion caused
by synoptic conditions rather than the change in biogenic CO2 fluxes. In addition, the
observed significant decline in surface CO2 concentration during dust storm events ap-
peared different from the results of Guo et al. [21], who reported an increase in column
CO2 concentration during dust storm events in China based on satellite products. On one
hand, the variation of column CO2 concentration is probably not consistent with that of the
surface CO2 concentration, which is related to the vertical distribution of atmospheric CO2.
On the other hand, the spatial and temporal resolutions of satellite data cannot reflect the
detailed variation of atmospheric CO2.

4. Conclusions

The impacts of Asian dust storm events on atmospheric CO2 in China have been
rarely studied. Based on dust, CO2, and meteorological observations at SDZ in Beijing
and WRF-VPRM simulations during two dust storm events on 15 and 28 March 2021, we
examined the co-variation of dust and CO2 concentrations and discussed the potential
influencing mechanisms.

The surface CO2 concentration declined by 40–50 ppm after the beginning of the
two dust storm events, corresponding to the marked increase in PM10 concentration with
peak values of 1240.6 and 712.4 µg m−3, respectively. Surface meteorological conditions
changed significantly during the two dust storms, with enhanced wind speed (increasing by
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3–6 m s−1), abrupt changes in wind direction, and decreasing ambient relative humidity (by
60–70%). Massive dust particles suspended in the air and clouds caused a ~60% decrease
in direct shortwave irradiance and a 50–60% increase in diffusive shortwave irradiance
compared to non-dusty days. The changes in meteorological conditions during dust storm
events likely affect the biogenic CO2 fluxes of terrestrial ecosystems and the transport and
dispersion of atmospheric CO2.

The eddy covariance-measured CO2 flux at SDZ varied insignificantly and remained
close to zero at most times after the beginning of the dust storm events. Thus, the large
decline in surface CO2 concentration scarcely depended on the variation in CO2 uptake and
emission by the terrestrial ecosystem. The WRF-VPRM captured the CO2-decline episodes
despite overestimations of NEE and surface CO2 concentration at SDZ. Due to low EVI
in early spring over northern China, biogenic CO2 fluxes also had small impacts on the
regional distribution of simulated surface CO2 concentration in this region.

The WRF-VPRM simulation showed CO2-rich zones and CO2-poor zones located
ahead of and behind the cold fronts, respectively. With the arrival of cold fronts, strong
winds and wind shears favored the vertical mixing and regional transport of atmospheric
CO2, which is the main reason for the large declines in surface CO2 concentration during
the two dust storms.

The limitations of this study should be noted. First, the two dust storms investigated in
this study only represent a typical situation in northern China in early spring. The impacts
of dust storm events on atmospheric CO2 in other regions and seasons or months should
be further investigated using multi-year observations at more stations. Particularly, the bio-
genic CO2 fluxes over lower latitude regions or during the growing season are more likely
to change during dust storm events due to enhanced EVI (Figure 10). Xie et al. [54] indicated
aerosols enhance gross primary production by 0.36 Pg C yr−1 (5%), which primarily stems
from Southwest and Southeast China. Second, it was difficult to examine the variation
of column CO2 concentration using satellite products due to high cloud cover during the
two dust storm events. The fine-resolution profiles of CO2 concentration are necessary to
investigate the impacts of dust storms on the vertical distribution of CO2. Third, although
the WRF-VPRM model can well capture the influence of mesoscale synoptic systems on
CO2 transport and dispersion, the surface CO2 level and NEE were still overestimated to
some degree. The calibration of newly improved VPRM empirical parameters is required
over different terrestrial ecosystems in China to improve the simulation of CO2 fluxes and
concentration. Nevertheless, this study will improve our comprehensive understanding of
the impacts of dust storms on CO2 variation.
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Abbreviations
List of abbreviations and symbols in this paper

Symbols Full Name Symbols Full Name
WS wind speed PAR photosynthetically active radiation
WD wind direction PAR0 half-saturation value of PAR

Ta air temperature FAPARPAV
the fraction of PAR absorbed by the
photosynthetically active portion of the vegetation

RH relative humidity EVI enhanced vegetation index
Pa air pressure GSWI global shortwave irradiance
Vis atmospheric visibility DSWI direct shortwave irradiance
q specific humidity DifSWI diffuse shortwave irradiance
NEE net ecosystem exchange DnLWI downward longwave irradiance
GEE gross ecosystem exchange w’ fluctuation for vertical velocity
ER ecosystem respiration c’ fluctuation in CO2 concentration
λ the maximum light use efficiency R correlation coefficient
Tscale temperature scale UT Universal Time
Wscale water stress scale BT Beijing Time
Pscale phenology scale SDZ Shangdianzi station
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